ABSTRACT RNA interference (RNAi) is a process by which gene expression is downregulated by small interfering RNAs or microRNAs. The quantification of the RNAi efficiency can be performed at both the messenger RNA (mRNA) and the protein level, which is required to assess the potency of small interfering RNAs or microRNAs. Recently, we employed a single-cell mRNA imaging method to study RNAi in which we visualized individual mRNA targets with high precision while resolving the cellular localization and cell-to-cell heterogeneity in addition to RNAi efficiency. In this Biophysical Perspective, we highlight our recent work on quantitative analysis of the RNAi pathway and point out some important future directions. Alongside, we discuss about several single-cell imaging techniques that can be applied to study RNAi. The single-cell imaging techniques discussed here are widely applicable to other gene regulation processes such as the CRISPR-CAS system.
RNA interference (RNAi) is a multistep cellular process in which small RNAs in the form of small interfering RNAs (siRNAs) or microRNAs (miRNAs) inhibit the target gene in a sequence-specific manner (by complementary base pairing). Since Craig Mello and Andrew Fire noticed the potential of RNAi as a tool to silence a specific gene (1) , RNAi has been widely employed for functional genetic studies (2, 3) as well as the development of genetic therapies (4-6) owing to its power to downregulate specific genes of interest. Extensive biochemical and structural studies have uncovered detailed molecular mechanisms that underpin this intricate regulatory pathway (7) (8) (9) (10) (11) (12) . Despite its clear advantages, the usage of RNAi has been greatly limited due to problems such as the off-target effect and other factors that reduce the efficiency of gene silencing (13, 14) .
The RNAi pathway involves well-documented stepwise reactions, as shown in Fig. 1 , starting from the binding of precursor siRNAs or miRNAs (pre-siRNAs or pre-miRNAs) by the double-strand RNA (dsRNA)-cleaving enzyme, Dicer, and its cofactor, TAR-RNA binding protein (TRBP). Dicer/TRBP cleaves the pre-siRNA or premiRNA, producing the shorter and mature dsRNA, siRNA, or miRNA of 21-23 base pairs, in which one strand is selected by the ternary protein complex consisting of Argonaute (Ago), Dicer, and TRBP, termed RNA-induced silencing complex. Subsequently, the Ago incorporated with the selected single-strand RNA (ssRNA) finds the complementary target messenger RNA (mRNA), resulting in the cleavage of the target mRNA or the translational inhibition without cleaving it. In both cases, the target protein cannot be produced. In short, RNAi is the process by which a small RNA inhibits the expression of the target protein (Fig. 1 B) . We envision that direct imaging and quantitation of the small RNAs, the target mRNA, and/or the protein would contribute to providing a comprehensive view of the RNAi process.
Here, we discuss how to study RNAi by imaging small RNAs, the target mRNA, and the target protein at the single-cell level. Unlike the conventional approaches in this field, the single-cell imaging approaches to tackle the molecular mechanism of RNAi provide characteristics of RNAi that can be masked when measured at the ensemble level, such as cellular localization of the small RNAs and target gene as well as cell-to-cell heterogeneity. Recently, various research on RNAi based on single-cell imaging approaches was reported. Visualization of the target mRNAs and their constituent proteins showed that Ago2 and other processing body components colocalize with the target mRNA after 24 hr of miRNA induction, indicating the long-term storage of miRNA-regulated mRNA by the recruitment of processing body components (15) . Visualization of miRNAs at single-molecule resolution revealed two distinct miRNA assembly pathways and the enhancement of nuclear retention of mature miRNAs by seed-matched target mRNA (16, 17) . Degradation of mRNAs was also visualized by engineering a single-mRNA turnover, showing that siRNA-treated mRNA is rapidly degraded in the cytoplasm (18) . Our recent work that visualized the target mRNAs and target proteins focuses on the quantification of target mRNA by screening various structures of siRNA/miRNA, suggesting that the mismatches of siRNA/miRNA control the silencing pathway kinetically (19) . We discuss single-cell imaging approaches to study RNAi, focusing on our recent work, and their future direction in this field.
Cellular imaging of the small RNAs upon RNAi
The small RNAs that induce gene silencing can be categorized as siRNA and miRNA based on their origin. The siRNA is typically an exogenous RNA that can be inserted into cells, whereas the miRNA is an endogenous source of small RNAs that are genome encoded and transcribed by RNA polymerase II. In other words, the siRNAs can be engineered before their insertion into cells, but it is not possible to change miRNAs that already exist in cells. siRNA often refers to short perfect dsRNA of 21 bp in length with 2-nt 3 0 overhang at both ends; however, we will use the term siRNAs more generally to include all exogeneous small RNAs with various structures that are capable of inhibiting their target gene. For example, they include the ssRNAs of 21-23 nt and the short dsRNAs of 21-23 bp that do not require cleavage by Dicer/TRBP (Dicer product) and the dsRNAs longer than 21-23 bp that require dicing (Dicer substrate). We will not consider dsRNAs longer than 30 bp in this Perspective because such RNAs may induce innate immune response in mammalian cells (20) .
To visualize siRNAs in cells, the easiest approach is to label the siRNAs with fluorophores, transfect them into cells, and image them using a fluorescence microscope. One-color or two-color labeling strategy has been tried for imaging siRNAs at single-cell level (21, 22) . The two-color labeling approach can be in the form of fluorescence resonance energy transfer (FRET), which enables distinguishing the dsRNA (FRET) from the ssRNAs (no FRET), or simple two-color labeling, which differentiates dsRNA (colocalization) and ssRNA (no colocalization) (22) . For both approaches, it is critical to choose proper labeling positions and fluorophores because any chemical modification of siRNAs could significantly reduce their silencing capability (23) . The duplex form of siRNAs consists of a guide strand and a passenger strand, in which the guide strand is recruited to the RNA-induced silencing complex to inhibit the target gene while the passenger strand is ejected and removed. The 5 0 phosphorylation of the guide strand is required for the target mRNA cleavage (24) , whereas the 3 0 end structure of siRNA modulates the Dicer cleavage (25)). Therefore, it is critical to avoid modifying and labeling these positions for siRNA visualization. It is recommended to label the internal position (within the duplex stem) or the loop region for siRNAs with a stem-loop structure. We designed our RNA with an amine-modified uracil at the intended labeling position during the chemical synthesis of the siRNAs and labeled these modified siRNAs with N-hydroxysuccinimide (NHS) ester-modified fluorophores (Fig. 2) .
Next, we should insert the engineered siRNAs into cells to visualize them. Various approaches have been proposed to deliver the siRNAs into cells or tissues with the goal of delivering siRNAs to specific cells, such as cancer cells, as genetic drugs (26) . Imaging siRNAs can be a direct means of checking for the siRNA delivery. The labeled siRNAs can be easily visualized using the conventional fluorescence microscope. We note that advanced fluorescence microscopy such as a single-molecule fluorescence microscope is required to resolve single siRNA molecules. After delivering labeled siRNAs into cells using liposomebased transfection, we observed aggregation of siRNAs (Fig. 2 A) , as expected from siRNAs being captured in liposomes and taken up by cells via endocytosis. However, with different delivery methods, such aggregation may not take place (Fig. 2 B) . Taken together, the visualization of siRNAs provides information about the efficiency of siRNA delivery and the localization of the siRNAs over time after the delivery at the single-cell level, which cannot be achieved by the conventional quantification of the siRNAs based on gel-electrophoresis-based assays.
Cellular imaging of the target mRNA upon RNAi
RNAi reduces gene expression in two pathways, transcriptional inhibition and translation repression, and the visualization of the target mRNA reveals which pathway is chosen in a direct manner. For example, if the translational repression is the dominant pathway, the target mRNA will not be reduced in number after siRNA uptake. A significant advantage of the mRNA visualization at the single-cell level is that the nuclear mRNA can be clearly distinguished from the cytoplasmic mRNA due to the spatial separation of the two compartments. The single-molecule in situ hybridization (smFISH) was developed to visualize mRNA at the single-cell level on fixed cell samples, where multiple DNA probes can be designed and applied to hybridize to one specific target mRNA, making the target mRNA substantially brighter far above the fluorescence background induced by nonspecific binding (27) . The brightness enables one to count the number of mRNA in individual cells (nuclear versus cytoplasmic) with high precision (27) .
To monitor the target mRNAs upon RNAi treatment at the single-cell level, we fixed the cells (HEK293 or HeLa) over the time course (0, 1, 2, 3, 4, and 6 hr) after the siRNA transfection (19) . We then hybridized DNA FISH probes. As shown in Fig. 3 A, we observed abundant bright signals arising from individual mRNA targets before RNAi treatment. After the addition of siRNAs, mRNA molecules can be cleaved into two fragments that may appear dimmer in fluorescence intensity if the cleavage position is located within the FISH probe binding region and if the cells were fixed when this occurred. However, immediately after the cleavage event, each fragment of the target mRNA is expected to be cleaved by the cellular mRNA decay process such as 5 0 ->3 0 exonucleases and 3 0 ->5 0 exonucleases (28, 29) . As a result, in most cases, the DNA probes cannot be hybridized to the target mRNAs at all because they are fully degraded, resulting in no fluorescence rather than dim signal. Therefore, counting the number of the target mRNAs over time after the siRNA delivery would give the kinetics of the gene silencing at the single-mRNA and single-cell level (Fig. 3 B) (19) .
Despite the high resolution and precision of mRNA images provided by the smFISH, it is limited only to fixed cells. Therefore, tracking the mRNAs over time after the siRNA delivery in real time would provide a more accurate view of the fate of the target mRNAs upon RNAi treatment. For this, visualization of the target mRNAs in live cells is necessary. Many live-cell mRNA-imaging approaches, including the MS2-GFP system that can be established by genetically encoded fluorescent tags in live cells (30) and the RNA spinach system, have been developed and widely applied (31, 32) . But we should keep in mind that the engineered target mRNAs can distort the kinetics of RNAi. A recent study based on imaging target mRNAs in live cells showed that RNAi could occur in the nucleus as well as the cytoplasm, in contrast to the previous reports (33) . The study used a designed gene construct with an inducible promoter that encodes a combined transcript and 3 0 UTR containing multiple MS2 binding sequence repeats. Subsequently, the MS2 sequence can be coated with GFP-MS2 fusion protein, enabling visualization of the engineered target mRNA. There are several live-cell mRNA-imaging techniques that do not require the engineering of the target mRNAs, such as the mRNA-capturing DNA probes resembling the smFISH (34) . Even in this case, we should be careful about interpreting the effect of RNAi because the mRNA-capturing DNA probes can play a role in protecting the single-stranded target mRNA, preventing mRNA degradation and distorting the RNAi kinetics.
Cellular imaging of the target protein upon RNAi
In most cases, the ultimate goal of using RNAi in biology is to reduce the target proteins, not the target mRNAs. Therefore, the quantification of the target protein upon RNAi is an essential readout of RNAi. Unlike other protein quantification methods such as immunoprecipitation, direct visualization of the target proteins in cells provides the spatial localization of the protein in the cells in the course of RNAi. We employed the immunostaining method to visualize our target protein, lmnA, which is one of the architectural proteins that sustains the nuclear envelope (Fig. 4 A) . One of two immunostaining methods, the direct method or the indirect method, could be employed to visualize the target proteins. The direct method uses a fluorescently labeled primary antibody that interacts with the target proteins, whereas the indirect method uses an unlabeled primary and a labeled secondary antibody that interacts with the primary antibody against our target proteins for their visualization.
To study the RNAi effect of lmnA, we visualized lmnA protein after introducing siRNAs for the lmnA gene. The cells were fixed at different times after siRNA treatment against lmnA, and the primary antibody and Cy5-labeled secondary antibody were applied. Under the fluorescence microscope, lmnA protein was visualized as shown in Fig. 4 B, and we quantified the protein level by measuring the fluorescence intensity. Due to the single-cell resolution, we were able to observe the highly heterogeneous nature of protein reduction from cell to cell as shown in Fig. 4 C, in which one triangle indicates the average lmnA protein level of an individual cell. Interestingly, we found that the protein reduction (red triangle in Fig. 4 C) is 30 hr delayed from the mRNA reduction (black triangle). Such delay can be due to the long lifetime or the slow turnover of the lmnA protein (Fig. 4 C) (35) . In other words, even though the mRNA is degraded by the RNAi mechanism (hence no more synthesis of new proteins), the pre-existing proteins can be sustained until the moment of cell division, during which the nuclear wall has to break down, for example. This result suggests that RNAi is a fast-acting mechanism that occurs in the time course of 1-6 hr post-siRNA entry into cells, and the corresponding reduction in protein level can be delayed for many hours due to the stability of the pre-existing protein. Therefore, measuring the mRNA level but not the protein level is ideally suited for testing the silencing efficiency and potency of different siRNA substrates as we have done in our study.
Application to the neuronal system
We discussed the single-cell imaging approaches to investigating the RNAi pathway by visualizing siRNAs, target mRNAs, and the target protein. We showed that the genesilencing kinetics can be studied by using HeLa and A549 cells. The spatial separation of target mRNA allowed us to measure RNAi efficiency in nucleus versus cytoplasm. Such capability of localizing mRNA can be highly beneficial to studies of neurons, in which certain mRNA is either kept near the cell body or delivered to particular locations along the neuronal axis (36) . Testing the RNAi effect in various locations of neurite will be an interesting future endeavor. In mammalian cell lines, we found that the disappearance of the target mRNA induced by RNAi was uniformly distributed in cytoplasm, likely due to the uniform distribution of the target mRNA for these cell lines (19) . But this may not hold for the nerve cells because of their complex organization consisting of a cell body and a long axonal process (37, 38) . In light of the recent studies of neurodegenerative diseases, it will be intriguing to localize mRNA transcripts implicated with diseases and study how or if RNAi occurs differently along the neuron as well as between neuronal cells. In addition, the application of the single-cell imaging approaches to study RNAi at the tissue level would be challenging but critical to understanding RNAi in a setting more relevant for clinical platforms. 
